Abstract: Catalytic activity of mixed Ni-Fe oxide systems with respect to air oxidation of aqueous cyanide solution at 308 K was investigated. The catalysts employed were prepared by an oxidation-precipitation method at room temperature and were characterized by powder Xray diffraction (XRD), Mössbauer spectroscopy, and chemical analysis. The cyanide oxidation rate was found to be dependent on the catalyst's calcination temperature, pH of the medium, and catalyst loading. Results revealed that the catalyst calcined at 120 • C is the most active where up to 90 % of free cyanide (4 mM) was removed after oxidation for 30 minutes in the presence of 2.5 g/L catalyst at pH 9.5. The cyanide conversion becomes less favorable as the pH of the solution increases (with other constant parameters). The selectivity data showed that carbon dioxide is the main oxidation product, regardless of pH of the solution.
Introduction
Industrial effluents generated by metallurgical operations, electroplating, steel hardening, synthetic rubber production, organic synthesis, etc. usually contain free and metal complexed cyanides. Considering the acute toxicity of these species for living organisms, the treatment of cyanide wastewaters before they are discharged into the waterways is attracting public and regulatory attention [1, 2] . The general waste treatment process is to oxidize the cyanide ions to carbon dioxide and nitrogen where their ease of oxidation maybe very dependent on the concentration of metals and other components in the waste streams.
A number of methods are currently available for cyanide remediation with varying degrees of effectiveness, namely biological treatment [3, 4] , chemical oxidation [5, 6] , electrochemical decomposition [7] [8] [9] [10] , photocatalytic [11] [12] [13] [14] [15] and catalytic oxidation [16] [17] . The most common method for treating cyanides is alkaline chlorination which results in the formation of a highly toxic cyanogen chloride intermediate and, if organic material is present, chlorinated VOC's. These compounds, together with the residual chlorine, create additional environmental problems. Consequently, there is a growing need for alternative, non-chlorine methods for destroying cyanides. Biological treatment is limited to a very low concentration of cyanides [18] and therefore is not applicable on wastewater effluents from most industrial sites. Photocatalytic degradation of cyanides using several powdered semiconductors-TiO 2 , ZnO, Fe 2 O 3 , ZnS and CdS has been studied extensively lasting recent years. It was found that these metal oxides worked best because of their chemical stability; however, anatase, a polymorph of TiO 2 was preferred due to its high quantum efficiency for photoconversion, and its stable formation of an electron-hole pair. However, the present drawbacks for TiO 2 photocatalysis in the treatment of wastewater include: (a) the rapid unfavorable charge carrier recombination reaction in TiO 2 compared to the redox reactions resulting in low quantum yield; (b) the high band gap energy of 3.2 eV which limits its application from using solar energy; and (c) the main oxidation products are reported to be cyanate and nitrate [13, 14] , whose presence in industrial effluents also imposes environmental problems for the public domain.
An effective, economic and environmentally friendly method for destruction of cyanide in aqueous solutions is based on heterogeneous catalytic reactions providing complete oxidation. Using both suitable catalytic systems and reaction conditions with a high selectivity towards environmentally harmless products which can be achieved at mild conditions (room temperature and atmospheric pressure).
In previous papers we have studied the catalytic behaviour of individual Ni and Co oxide systems, prepared by the oxidation-precipitation method with respect to aqueous phase air oxidation of free cyanides [19, 20] . The results showed that both catalysts exhibit good activity and selectivity to CO 2 at pH ≤ 9.5. In strong alkaline medium a decrease of cyanide removal efficiency and cyanate degradation rate is observed thus lowering the selectivity in respect to carbon dioxide. Moreover, some leaching of the catalysts in the course of cyanide catalytic oxidation occurred, which is a drawback for the practical application of these catalytic systems and further treatment to remove toxic nickel and cobalt ions from the water are needed. The modification of an individual Co oxide system with iron resulted in a more active catalyst with high selectivity to carbon dioxide even in alkaline medium [21] . Keeping in mind that most of the waste waters containing cyanide were being subjected to detoxification under alkaline conditions, the iron modified Co-oxide system appears to be promising for applications in the field of the abatement of cyanide in waste waters.
The present study aims to synthesize novel Ni-oxide systems modified with Fe, designed as catalysts for low temperature complete oxidation and to investigate their catalytic activity and selectivity in the degradation of cyanide.
Experimental

Preparation of catalysts and their characterization
Ni-Fe-oxide systems were prepared by oxidation-precipitation method previously applied to the synthesis of novel Co-Fe-oxide system [22] . A mixed aqueous solution of NiSO 4 ·4H 2 O and FeSO 4 ·7H 2 O (taken in such a ratio as to ensure Ni/Fe atomic ratio = 2 in the solution) was poured at a 6 ml/min rate into an aqueous mixture of NaOH (4 M) and NaOCl (1 M) under vigorous stirring. The temperature was maintained at 25
• C. The black residue formed was kept digesting for about 24 hours, washed several times (until disappearance of chloride and sulphate), then dried at 70
• C in air until constant mass was obtained. Then the product was calcinated at different temperatures ranging from 120 to 900
• C for 2 hours. The notations, represented in Table 1 , will be used to denote the studied samples in the present work. Table 1 The notations of the studied samples.
The synthesized Ni-Fe-oxide systems were characterized by means of X-ray diffraction (XRD) analysis, Mössbauer spectroscopy, and chemical analysis.
The Mössbauer spectra were recorded on an electromechanical type spectrometer "Wissenschaftliche Elektronik GmbH"-Germany, operating under constant acceleration at room temperature. A Co 57 /Cr source was used (activity ∼80 mCi) and α-Fe as a standard. The spectra, obtained experimentally, have been further processed mathematically based on the least squares method.
The XRD analysis was performed with a TURMA X-ray diffractometer (Germany), using Co Kα irradiation. The X-ray patterns were recorded under the following conditions:
• cobalt anode at U = 37 kV; I = 20 mA;
• diagrams 0.5/0.5;
• rate of detector movement (scintillation counter) -2
• /min The chemical analysis included determination of :
• the active oxygen content -total content (O*) and content on the surface (O*s), expressed in % and in g-at·g −1 ; • Ni and Fe content in the oxide systems.
The total active oxygen content (it is considered that active oxygen content is the amount of oxygen above the stoichiometrical content in the oxide, corresponding to the lowest stable valence state) was determined iodometrically [23] . The relative standard deviation of the method is 4.71 %.
The content of the surface active oxygen has been determined by the method, described in [24] . The relative standard deviation of the method is 5.02 %.
The quantity of Ni and Fe in the investigated samples was determined by means of atomic emission spectrometry with inductively coupled plasma (ICP-AES). Each result is the average of five parallel measurements.
The surface area of the studied catalytic systems was determined using an adsorption method [25] . The method is based on the determination of the iodine amount (J 2 , g) which is necessary to cover the measured surface with a monomolecular layer. The method is quick and precise and its accuracy is of the same order as that of the classical BET method.
The amount of iodine adsorbed on the catalyst surface was determined titrimetrically. The procedure was as follows: The catalyst (0.50 g) was placed in a flask and 25 cm 3 0.1 % iodine solution in carbon tetrachloride (or chloroform) was added. The flask was shaken for 2 hours. The catalyst was filtered and an aliquot of the filtrate (10 cm
3 ) was titrated against 0.1 N sodium thiosulfate using starch as indicator (V 1 , cm 3 ). A 10 cm 3 0.1 % iodine solution was titrated (V 2 , cm 3 ) in parallel. The amount of adsorbed iodine was calculated according to formula (1) , and the surface area according to formula (2):
where: mEq I2 =0.127; N A -Avogadro number, 6.023×10 23 ; ω-surface area occupied by one iodine molecule (taken 9 × 10 −20 m 2 ); M I2 -molecular weight of the iodine; m -mass of the catalyst.
Statistical treatment of the results shows a relative standard deviation of 8 %.
Oxidation reaction
The catalytic oxidation of cyanide was carried out isothermically at 35
• C in a thermostatic batch reactor (250 cm 3 volume) provided with three ports for gas inlet and outlet, and sampling. For a typical run, the desired concentration of catalyst in powder form was suspended in distilled water. The initial pH of the solution was adjusted to 9.5 or 12 with NaOH to prevent volatilization of cyanide as toxic HCN (pK a [HCN] 9.21 at 25
• C). The suspension was saturated by bubbling air at atmospheric pressure for 30 min; then the required amount of KCN was added to adjust the cyanide concentration to 4 mM. The mixture was stirred vigorously, slurring the catalyst uniformly throughout the liquid. During the run continuous air purging of the solution was performed so that both the fraction of the catalyst's surface covered by oxygen and the concentration of oxygen in the solution can be assumed to be constant in the batch reactor. Sampling a sufficient number of aliquots and analyzing them for residual content of cyanide and oxidation products (cyanate, nitrate, ammonium, and carbon dioxide) allowed the progress of the reaction to be followed. Depletive oxidation experiments (with bubbling N 2 instead of air) were also performed in order to clarify the reaction mechanism.
The conversion of CN − (α, %) was calculated by applying the following equation (3):
where
The selectivity toward the reaction products at different level of cyanide conversion (S, %) was calculated as follows (equation 4) :
where: [i − products] (t) is the concentration (mM) of the i-product at reaction time t. The influence of the following parameters on the activity and selectivity of the oxidation process was investigated: (a) initial pH (9.5; 12); (b) catalyst concentration (0.5-2.5 g·dm −3 ).
Methods and apparatus
The total cyanide concentration was followed spectrophotometrically using pyridinebarbituric acid reagent (Merckoquant R cyanides test, Merck AG). The detection of cyanides is based on the formation of cyanogen chloride with chlorine. The pyridine forms glutacone dialdehyde, which undergoes condensation with 1,3-diethyl barbituric acid yielding polymethine dye with intense violet color. The peak absorbance of this dye is followed spectrophotometrically at 585 nm (ε max = 131600 M −1 cm −1 ). The concentration of cyanate was determined spectrophotometrically employing a modified method of Guilloton and Karst based on the reaction between cyanate ions and 2-aminobenzoic acid under buffered conditions [26] . The concentration of cyanate could be precisely determined independently of the pH of the system, and in the presence of cyanide ions, by measuring the absorbance of the complex formed at 310 nm. The nitrate and ammonium concentrations were also monitored spectrophotometrically at λ max =340 nm λ max = 690 nm, respectively using Merck tests. The UV-spectral analyses of cyanide, cyanate, nitrate, and ammonium were performed using a MPM 3000 type universal photometer for the total water-and wastewater analysis.
The amount of CO 2 generated during the experiments was determined by absorption of gas outlet stream in a NaOH solution of known concentration.
Leaching of Ni-Fe-oxide catalysts in the reaction mixture at different pH was assessed by measuring the concentration of dissolved metals with Spectro-Flama ICP-AES model spectrometer. Experiments were carried out as follows: Aliquots of the reaction mixture were taken 2 hours after the start of the process (operating parameters: temperature 308 K; catalyst concentration 0.5-2.5 g·dm −3 ; pH interval 9.0-12.0). The catalyst was filtered and the filtrate analyzed for dissolved Ni and Fe content.
Results and discussion
Catalyst characterization
The content of nickel and iron found in the synthesized catalysts shows atomic Ni/Fe ratio = 1.93 (RSD 5 %).
The results concerning the content of total and surface active oxygen as well as the surface area of the all catalysts investigated are presented in Table 2 . Table 2 The active oxygen content and surface area of the samples.
As seen in table 2 the amount of surface active oxygen for Ni-Fe-120 is about 66 % of the total available oxygen implying a high activity in liquid-phase oxidation reactions. The thermal treatment of the freshly obtained Ni-Fe oxide precursor at temperatures higher than 120
• C is accompanied by a loss of active oxygen. A strong decrease in the catalyst's surface area is observed as well. These two factors suggest a remarkable decrease in the activity of the samples calcined above 120
• C as compared to Ni-Fe-120. The X-ray diffraction spectra of all samples are shown in Fig. 1 . The X-ray diffraction pattern of Ni-Fe-120 indicates reflections at 2.455, 2.240, 1.71, and 1.480Å, specific of δ(Fe 0.67 Ni 0.33 )OOH (#22-0556) [27] as well as the two most intense reflections at 7.60 and 2.66Å for αNi(OH) 2 ·2H 2 O (#22-0444) [28] . The slight peak broadening in Fig. 1a is probably consistent with fine crystallite size. XRD spectra of Ni-Fe-150, Ni-Fe-300, and Ni-Fe-600 exhibit the same patterns at 2.089, 2.412, and 1.478 A, which can be assigned to NiO (#47-1049) [29] . It is also observed that the width-athalf-maximums of the peaks decreased with an increase of the calcination temperature, implying an increase in crystallinity of the samples. Moreover, the most intense reflections of Ni-Fe-600 are splitted suggesting a presence of almost an amorphous nickel ferrite phase as well in addition to the oxide phase of nickel. The diffraction peaks typical of the NiFe 2 O 4 spinel phase are already observed in the XRD spectrum of Ni-Fe-850 (#10-0325) [30] together with the reflections, specific to NiO. It is known that "local" methods are basically used to study modified oxides, supplying information with respect to the state of separate ions. The influence of Fe as a modifying additive is investigated in the present work and for this reason it is advisable to characterize the oxide systems by means of an Mössbauer spectral investigation. The experimental Mössbauer spectra of all the samples investigated are presented in Fig. 2 .
The Mössbauer spectrum of Ni-Fe-120 primarily consists of a symmetric single quadrupole doublet. At first mathematical treatment assuming the spectrum as a sum of Lorential peaks shows that only Fe 3+ ions in high spin state in an octahedral surrounding are present in the sample. This conclusion is consistent with the X-ray structural characterization results, i.e. Fe 3+ ions in Ni-Fe-120 are located in the structure of δ(Fe 0.67 Ni 0.33 )OOH.
The recorded Mössbauer spectra of Ni-Fe-150, Ni-Fe-300, and Ni-Fe-600 also represent quadrupole doublets but in contrast to that of Ni-Fe-120 a substantial difference in the intensity of both lines is evident. The mathematical treatment of the experimental spectra leads to the identification of two types of iron ions, reflected by the appearance of superposition of two sets of doublets due to Fe 3+ ions in the high spin state occupying tetrahedral (A) and octahedral (B) sites of the amorphous NiFe 2 O 4 structure. Moreover, the isomer shift (IS) for A sites of this phase decreases from 0.427 to 0.363 mm/s with increasing calcination temperature, while the IS value for B sites increases from 0.203 to 
Catalytic activity and reaction selectivity
Experiments were carried out under the same reaction conditions using each of five catalysts prepared in order to determine the most active catalyst in oxidation of CN − ions. Fig. 3 shows the conversion-time profiles for the cyanide oxidation at 308 K and pH=9.5 over all catalysts investigated, as well as for the corresponding uncatalyzed reaction. The progress of the reaction was followed from the decrease in the CN − ions UV/Vis peak. The contribution of the homogeneous oxidation on the cyanide conversion was insignificant in our conditions as seen from Fig.3 . In the absence of catalyst less than 5 % of the initial CN − ions were degraded after 1 hour, while a notably greater efficiency was achieved under the catalytic route. Analysis of the metal cation content in solution taken 2 hours after the start of the process excludes any possibility of Ni and Fe leaching off (< 0.5 ppm) from the oxide catalysts, regardless of pH of the solution. Therefore, no homogeneous catalyzed cyanide oxidation by dissolved metals took place.
It has also been observed from Fig. 3 that the catalytic behavior of the samples is remarkably influenced by their thermal treatment. Evidently Ni-Fe-120 catalyst is the most active giving a degree of cyanide conversion of 85 % in 60 minutes under the studied conditions. The samples calcined at 150 and 300
• C exhibit considerably lower activity. the removal efficiency is only 30 % and 15 % in 60 minutes, respectively. Moreover, NiFe-600 and Ni-Fe-850 do not show any measurable catalytic activity with respect to the aqueous phase oxidation of cyanides.
The observed decrease in the catalytic activity of Ni-Fe-oxide systems calcined at T>120
• C could be attributed to the changes in their composition and structure induced by the thermal treatment as revealed from the characterization data. As the surface area of Ni-Fe-120 is twice as large as that of other samples investigated (Table 2) , the activity seems to depend partly on the surface area. Additionally, the calcination of catalysts at temperatures higher than 120
• C causes a strong decrease in their active oxygen content (Table 2) .
A direct relationship between the active oxygen content of the catalysts and their catalytic activity towards cyanide oxidation is quite reasonable suggesting that the oxidation takes place via a heterogeneous redox mechanism involving the active oxygen of the metal oxides. In order to check this assumption the comparative experimental runs were carried out by continuously bubbling air (catalytic oxidation) or N 2 (depletive oxidation) at 308 K and at different pH's of the medium. The results obtained are shown in Fig. 4 . Since the Ni-Fe-120 has shown the highest catalytic activity all data reported below are referred to this catalyst.
It can be seen that initially the catalytic and depletive oxidation of cyanide ions occur with a comparable rate, and than the rate of depletive oxidation decreases with reaction time. This behavior can be explained by suggesting that the oxidation of cyanides in the absence of oxygen proceeds due to the availability of surface active oxygen sites. Moreover, when the surface active oxygen has been exhausted, its replacement by the diffusion of oxygen coming from the bulk solution occurs to a lower extent. As a result no further significant oxidation of CN − is observed. This suggestion is confirmed by the lower O* content of the reduced catalyst after the depletive oxidation (O* = 0.16 %) as compared to that of the fresh sample. When the reaction is carried out in the presence of oxygen no loss of catalytic activity is observed and a continuous decrease of the CN ions concentration with reaction time occurs. These results support the assumption that the active oxygen of the catalyst is directly involved in the oxidation of cyanide, while the oxygen from air re-oxidizes the partially reduced surface of the catalyst. Data obtained confirms the results of our previous investigation concerning the liquid phase oxidation of cyanide over Co-Fe oxide catalyst prepared by the same method [21] as well as the results of other authors [31, 32] . The influence of both catalyst concentration and pH of the medium on the cyanide conversion efficiency was investigated. Data obtained are presented in Figs. 5, 6 and 7. From the reactivity data presented in Fig.5 , it may be noted that a straight line fits the experimental data at low catalyst loading while at high loading an exponential line seems to better fit the data, regardless of pH of the solution. Obviously, the cyanide catalytic oxidation proceeds according to zero-order kinetics at low catalyst concentration and this indicates that the active sites are still insufficient with respect to CN − concentration. When the catalyst concentration increases the kinetics law changed and the reaction turns to pseudo-first-order kinetics.
The linearity of the C/C o vs. reaction time plots (Fig. 6) for the runs carried out with 0.5 g/l catalyst and ln Co/C vs. reaction time plots for the runs with 1.5 g/l and 2 g/l, respectively, confirms the above statements. Under studied conditions the reaction rate becomes independent of the oxygen concentration owing to the fact that all experiments were performed with continuously bubbling air through the liquid phase, thus assuming that the oxygen coverage of the catalyst surface is kept constant throughout the oxidation process.
It is also evident from Fig. 5 and 6 that the reaction rate and the pseudo-first-order rate constant increase notably with catalyst loading, regardless of pH. In fact, at pH=9.5 with C cat = 2.5 g·dm −3 about 90 % removal efficiency is achieved for 25 min, while with C cat = 1.5 g·dm −3 the similar conversion degree is achieved even at the 60 th minute. At lowest catalyst loading only half of initial cyanide has been degradated in an hour. The pseudo-first-order reaction rate constants, calculated from the slopes of the plots ln Co/C vs. reaction time (Fig. 6 ) increase from 0.028 min −1 for C cat = 1.5 g·dm −3 to 0.051 min
for C cat = 2.5 g·dm −3 for the reaction carried out at pH 12. The values of these rate constants, expressed per unit mass of catalysts, do not shift significantly, which indicates that the reaction is not controlled by external diffusion and moreover that the process runs on the surface of the catalysts. Similar regularities and interpretations are suggested by other authors [31] .
The rate of cyanide oxidation is also affected by pH of the solution as indicated by the results at pH 9.5 and 12 ( Fig. 5, 7) . As the pH of the solution increases (with other constant parameters), the cyanide conversion becomes less favorable. In fact, the calculated pseudo-first-order rate constants for the reaction carried out at pH 9.5 and pH 12 for C cat = 2.5 g·dm −3 are 0.088 min −1 and 0.051 min −1 , respectively. The cause of the observed lower cyanide degradation rate at high pHs could be due to the unfavorable adsorption of cyanide ions onto the more negative charged surface of Ni-Fe-fresh induced by the adsorption of OH − ions at high pH. Moreover, the mobility of the surface active oxygen of the catalyst strongly depends on the pH and decreases with the increase of the medium alkalinity as we proved in our preliminary experiments.
Experiments were performed with the aim of determining the chemical nature of stable intermediates and final products of cyanide oxidation over Ni-Fe-120. For these runs initial pH's of 9.5 and 12 were used. The selectivity towards the reaction products as a function of cyanide conversion for the experimental runs carried out at 308 K and catalyst concentration 1.5 g/l is shown in Fig. 8 .
These experiments showed that cyanate, nitrate, and CO 2 are the products formed in the course of catalytic oxidation of cyanides on the studied catalytic sample. UV-Vis spectral analysis determined that no formation of nitrite and ammonium was observed during the experiments. The selectivity data reported in Fig. 8 reveals that carbon dio- xide is the main oxidation product, regardless of pH of the solution. It is also evident that the selectivity towards cyanate decreases with the conversion level, while an increase of the yield of the carbon dioxide is observed. Only a small amount of nitrate (less than 0.1 mM) was detected in the reaction mixture even after 60 minutes of oxidation. This indicates that the catalytic oxidation of cyanide proceeds according to a consecutive scheme in which cyanide is first oxidized to intermediate product CNO − , which undergoes further oxidation to form an end product CO 2 . It can be also noted that cyanate catalytic oxidation takes place even when cyanide ions are present in solution suggesting the close affinity of both CN − and CNO − ions for the reaction sites on Ni-Fe-120 catalyst. Obviously, a high selectivity towards CO 2 and N 2 is achieved during catalytic oxidation of cyanides using Ni-Fe-oxide catalyst, which is important from a practical viewpoint. Moreover, the reaction selectivity is not significantly influenced by initial pH. In strong alkaline medium (pH=12) only slight decrease of the cyanate degradation rate is observed thus lowering the selectivity towards carbon dioxide.
Conclusions
The results of this work indicate that mixed Ni-Fe oxide systems can be successfully used as catalysts for air oxidation of cyanide ions in aqueous solutions. The catalytic behavior of the samples is remarkably influenced by their thermal treatment which is consistent with the characterization data provided with XRD, Mössbauer spectroscopy, and chemical analysis. The sample calcined at 120
• C showed the highest catalytic activity due to the higher amount of surface active oxygen and to the presence of Fe 3+ ions in high spin state in an octahedral oxygen surrounding, thus enhancing the reducibility of Ni-Fe-oxide active oxygen. The results of the comparative catalytic and depletive oxidation runs suggested that the cyanide oxidation takes place via a heterogeneous redox mechanism implying active oxygen of the catalyst. Under the experimental conditions, the cyanide oxidation rate increases notably with catalyst loading, while the increase of the alkalinity causes a decrease in the removal efficiency and the process is retarded.
